The identification of pathologic TDP-43 aggregates in amyotrophic lateral sclerosis (ALS) and frontotemporal lobar degeneration, followed by the discovery of dominantly inherited point mutations in TDP-43 in familial ALS, have been critical insights into the mechanism of these untreatable neurodegenerative diseases. However, the biochemical basis of TDP-43 aggregation and the mechanism of how mutations in TDP-43 lead to disease remain enigmatic. In efforts to understand how TDP-43 alters its cellular localization in response to proteotoxic stress, we found that TDP-43 is sequestered into polyglutamine aggregates. Furthermore, we found that binding to polyglutamine aggregates requires a previously uncharacterized glutamine/asparagine (Q/N)-rich region in the C-terminal domain of TDP-43. Sequestration into polyglutamine aggregates causes TDP-43 to be cleared from the nucleus and become detergent-insoluble. Finally, we observed that sequestration into polyglutamine aggregates led to loss of TDP-43-mediated splicing in the nucleus and that polyglutamine toxicity could be partially rescued by increasing expression of TDP-43. These data indicate pathologic sequestration into polyglutamine aggregates, and loss of nuclear TDP-43 function may play an unexpected role in polyglutamine disease pathogenesis. Furthermore, as Q/N domains have a strong tendency to self-aggregate and in some cases can function as prions, the identification of a Q/N domain in TDP-43 has important implications for the mechanism of pathologic aggregation of TDP-43 in ALS and other neurodegenerative diseases.
Abnormal protein aggregation is a hallmark of most inherited and acquired neurodegenerative diseases. Recently, TDP-43 was identified as a component of ubiquitinated aggregates in amyotrophic lateral sclerosis (ALS) and frontotemporal lobar degeneration (FTLD) 4 (1). The subsequent finding of mutations in TDP-43 in cases of inherited ALS indicates that TDP-43 can be directly involved in the pathogenesis of at least the familial forms of this disease (2) (3) (4) (5) (6) . It is notable that although aggregates of a particular protein are initially associated with a specific clinical and pathologic syndrome, they are often observed in multiple other neurodegenerative disorders. For example, although cytoplasmic inclusions of TDP-43 were initially described in ALS and FTLD, they have also been observed in Alzheimer disease, diffuse Lewy body disease, dementia pugilistica, Huntington disease, and even inclusion body myopathies (7) (8) (9) (10) (11) . Whether TDP-43 translocation to the cytosol and aggregation plays a direct role in the pathogenesis of these disorders, or instead is part of a more general cellular stress response, remains to be elucidated (12) .
Polyglutamine diseases are a family of neurodegenerative disorders caused by expansion of a CAG trinucleotide repeat in the coding regions of certain genes. Examples include Huntington disease, X-linked spinal-bulbar muscular atrophy, and several of the spinocerebellar ataxias (13) (14) (15) . Expanded polyglutamine proteins have a strong tendency to aggregate, and although the formation of large macromolecular inclusions is likely protective to cells (16, 17) , much evidence suggests that polyglutamine protein misfolding and aggregation (possibly of oligomeric or other soluble species) play a key role in pathogenesis (18) . Several mechanisms of polyglutamine aggregate toxicity are proposed, including (i) altered metabolism and mitochondrial dysfunction; (ii) altered transcriptional regulation; (iii) induction of proteotoxic stress; (iv) alterations in axonal transport, and (v) disruption of normal polyglutamine proteinprotein interactions (14, 18, 19) . One mechanism by which polyglutamine aggregates mediate toxicity is through recruitment of heterologous proteins, including transcription factors and RNA-binding proteins, and components of the ubiquitin proteosome system (13) (14) (15) 18) .
Many polyglutamine aggregate interacting proteins contain an unexpanded polyglutamine stretch or a glutamine/asparagine (Q/N)-rich region (20, 21) . Q/N-rich regions are also known as "prion-related domains" because they themselves have a strong tendency to aggregate and can propagate the aggregated state from mother to daughter cells in yeast. For example, the Q/N domain mediates misfolding and aggregation of the protein Sup35, leading to inactivation of the protein, and inheritance of nonfunctional Sup35 as a non-Mendelian trait (22) . Interestingly FUS/TLS, another RNA-binding protein found to be mutated in familial ALS (23, 24) , was recently identified in a screen for polyglutamine-interacting proteins, and this interaction required the Q/N-rich domain in the protein (25) .
In an effort to identify conditions that influence TDP-43 translocation to the cytosol, and its aggregation, we observed that TDP-43 is sequestered into polyglutamine aggregates. This causes TDP-43 to be depleted from its normal nuclear location, which in turn disrupts TDP-43-mediated splicing in the nucleus. Importantly, co-aggregation with polyglutamine proteins requires a previously uncharacterized Q/N-rich domain in the C-terminal region of TDP-43, which provides novel insight into the mechanism of self-aggregation of TDP-43.
EXPERIMENTAL PROCEDURES
Plasmids, Constructs, and Live Cell Imaging-PolyQ19-CFP and polyQ80-CFP, FLAG-tagged human TDP-43 fused to pCherry, and Htt-Q72 and Htt-Q25 YFP/CFP constructs were previously described (26 -28) . GFP-fused wild-type and G59S dynactin constructs were generously provided by Erika Holzbauer. The human caveolin-3 cDNA was purchased from Invitrogen and was subcloned into pcDNA6.2 YFP DEST Gateway vector to make a caveolin3-YFP fusion construct. The P104L point mutation was then generated in the pcDNA6.2-caveolin3-YFP using QuikChange mutagenesis (Stratagene), and incorporation of the point mutation was confirmed via nucleotide sequencing. TDP-43 deletion constructs were generated using PCR mutagenesis, cloned into the pCherry-C1 vector, and sequenced in their entirety.
Cell Culture, Antibodies, and Immunocytochemistry-Imaging of live cells was performed in a climate-controlled chamber (In Vivo Scientific) at 37°C and 5% CO 2 , and images were acquired with a Cool Snap HQ2 CCD camera (Photometrics) mounted on a Nikon Eclipse Ti-U microscope, controlled using MetaMorph software (Molecular Devices). For proteosome inhibition experiments, COS7 cells were plated in 24-well plates, transfected with Cherry-TDP-43 constructs using TransitLT1 (Mirus) according to the manufacturer's instructions, and 24 h after transfection treated with 10 M MG132 (Sigma) for 16 h, and immunocytochemistry for ubiquitin was performed. For immunocytochemistry, HeLa or COS7 cells were transfected the day after plating using TransitLT1 transfection reagent. Cells were rinsed in cold PBS, fixed in 4% paraformaldehyde for 15 min at room temperature, washed again in PBS, permeabilized in PBS ϩ 0.1% Triton X-100 for 5 min, blocked in PBS with 5% normal goat serum for 60 min, and incubated in primary antibody overnight in blocking solution. After three washes with PBS, cells were incubated with the appropriate secondary antibody in blocking solution for 1 h at room temperature, washed again in PBS, and imaged. Antibodies used were as follows: rabbit anti-TDP-43 (Proteintech Group, 1:500); mouse anti-hnRNPA1 (GeneTex, 1:500); mouse anti-SAFB (Abcam, 1:500); mouse anti-ubiquitin FK2 (Millipore, 1:1000); anti-GFP (Sigma, 1:2500); goat anti-rabbit Alexa-488 or Alexa-594 (Invitrogen, 1:100).
Filter Trap Assay for Detergent-insoluble Protein Aggregates-15,000 HeLa cells/cm 2 were seeded in 6-well plates. Cells were transfected 24 h later with FuGENE 6 reagent in a 1:3 (g/l) ratio using 500 ng of Cherry fusion constructs and 500 ng of polyglutamine constructs. 48 h later cells were washed twice with PBS with 1 mM CaCl 2 , 0.5 mM MgCl 2 (PBSc), scraped in PBS, and pelleted at 700 ϫ g for 10 min at 4°C. Cell pellets were resuspended in 300 l of PBS with 1 mM PMSF (PBS/PMSF) and sonicated with 10 pulses in an ultrasonic homogenizer model Omni-Ruptor 250 (Omni, Kennesaw, GA) with 25% power and 10% pulser settings. After centrifugation for 10 min at 700 ϫ g at 4°C, cell lysates were normalized to 0.2 mg/ml protein in PBS/PMSF and diluted in PBS, 2% SDS buffer. 20 or 5 g was applied to a pre-wetted cellulose acetate 0.2-m filter using a dot blot device (Bio-Rad). After two washes with 500 l of PBS, 2% SDS buffer, the membrane was incubated for 1 h in blocking buffer (5% milk in PBS containing 0.05% Tween 20) with gentle rocking at room temperature. The membrane was then incubated with anti-GFP antibodies in blocking buffer for 2 h at room temperature, washed four times for 10 min with washing buffer (PBS with 0.05% Tween 20), and incubated with secondary antibodies in blocking buffer (1:5000) for 2 h at room temperature. The membrane was washed seven times, and proteins trapped in the filter were visualized using ECL reagent (GE Healthcare). and the amount of total test plasmid was set to 320 ng. The specific doses utilized per well were 320, 240, 160, and 80 ng of the modifier plasmid, and the total amount of DNA was kept constant by using pcDNA3 plasmid. A control with 320 ng of pcDNA3-only was also included. For FRET studies, the data were analyzed essentially as described before (26, 29 (30) . One day after plating, the TG13T3 CFTR reporter construct was transfected into HeLa cells together with Q19-CFP, Q80-CFP, or full-length TDP-43 (1 g each). 48 h later, total RNA was isolated from cells using TRIzol reagent (Invitrogen), and the first strand reverse-transcribed cDNA was generated using random hexamers. First strand RTs underwent PCR amplification using primers 5Ј-TAGGATCCGGTCACCAGGAAGTTGGTTAAATCA-3Ј and 5Ј-CAACTTCAAGCTCCTAAGCCACTGC-3Ј. Amplification conditions were as follows: denaturation 94°C for 3 min, followed by 30 cycles of 94°C for 30 s, 62°C for 60 s, and 72°C for 90 s. Amplicons were run out on a 3% agarose gel and visualized using ethidium bromide. Images were inverted, and bands were analyzed via densitometry using ImageJ software (National Institutes of Health). For quantitation, the ratio of CFTR exon 9 exclusion/inclusion (i.e. densitometry value of the upper band/densitometry value of lower two bands ϭ CFTR exon 9 inclusion/exclusion) was calculated from three independent experiments and averaged.
Measurement of HttQ72-induced Cell Death-COS7 were plated in 24-well plates and co-transfected with pCherry, together with the indicated constructs (HttQ72, TDP-43, TDP-43(221-414)). 24 h after transfection, three fields were imaged at ϫ10 magnification in duplicate wells, and the number of Cherry positive cells were counted, with Ͼ200 cells per well imaged. Using an automated XY stage (Prior) controlled with Metamorph software (Molecular Devices), the same fields were imaged at 72 h, and the percentage of Cherry-positive cells initially present at 24 h was determined for duplicate wells. Similar results were obtained from four independent experiments.
RESULTS

Polyglutamine Aggregates Sequester TDP-43 and Deplete It from the Nucleus-TDP-43
translocates to the cytosol under conditions of cellular stress, most notably in motor neurons after sciatic nerve axotomy (12) . To test whether cellular stressors would affect translocation of TDP-43, we treated TDP-43-transfected cells with the proteasome inhibitor MG132. This led to the formation of a perinuclear ubiquitinated TDP-43 inclusion in ϳ23% of cells (supplemental Fig. S1 ). To determine whether this represented a block in normal TDP-43 degradation in the cytosol or instead was a response to the accumulation of misfolded proteins in the cytoplasm, we expressed several proteins that form ubiquitinated cytoplasmic aggregates (polyglutamine Q80-CFP, dynactin G59S, and caveolin 3-P104L) (27, 31, 32) in HeLa cells and determined their effect on endogenous TDP-43 localization via immunostaining (Fig. 1) . Cells expressing the expanded polyglutamine protein Q80-CFP formed large cytoplasmic polyglutamine inclusions (Fig. 1A) . Interestingly, endogenous TDP-43 was always observed in Q80-CFP inclusions, typically with partial or complete loss of TDP-43 staining from the nucleus (Fig. 1B ). Q19-CFP, which does not form ubiquitinated cytoplasmic inclusions, did not alter the localization of endogenous TDP-43 ( Fig. 1C ). Aggregates of an N-terminal fragment of huntingtin (Htt) containing an expanded polyglutamine tract (Htt-Q72) similarly bound and sequestered TDP-43 (data not shown). Translocation to the cytosol and sequestration of TDP-43 were specific to polyglutamine inclusions, as ubiquitinated cytoplasmic aggregates of dynactin-G59S or caveolin 3-P104L did not alter the localization of endogenous TDP-43 ( Fig. 1, D-G) . Importantly, colocalization of TDP-43 with polyglutamine inclusions was recently reported in cortical neurons from patients with Huntington disease, supporting that binding of TDP-43 to polyglutamine aggregates also occurs in vivo (10) .
Some RNA-binding proteins, including hnRNPA1, are known to exit the nucleus in the setting of osmotic or other cellular stressors (33) . Thus, we examined the localization of two other nuclear RNA-binding proteins in HeLa cells expressing Q80-CFP. Q80-CFP aggregates did not alter the localization or sequester endogenous hnRNPA1 or SAFB1 (Fig. 2 , A and B) (34) . This is particularly notable as hnRNPA1 has a similar domain structure to TDP-43, with two RNA-binding motifs and a C-terminal glycine-rich region (35) . Therefore, binding and sequestration into polyglutamine aggregates were relatively specific for TDP-43 and were not observed with other structurally and functionally related RNA-binding proteins.
To investigate whether TDP-43 aggregates could recruit polyglutamine-containing proteins, we expressed a C-terminal fragment of TDP-43 that forms cytoplasmic inclusions (36 -38) , and we determined whether co-expressed Htt-Q25 or Htt-Q72 was recruited to the TDP-43-based aggregates. A 25-kDa C-terminal fragment of TDP-43 (amino acids 221-414) formed multifocal ubiquitinated inclusions in the cytosol of transfected cells (Fig. 2, C and D) . These cytoplasmic TDP-43 aggregates did not recruit Htt-Q25 or Htt-Q72 (Fig. 2, E and F) . However, as with Q80-CFP, in cells with Htt-Q72 inclusions, we observed complete sequestration of TDP-43 (Fig. 2G) . These data sug-
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gest that although expanded polyglutamine proteins aggregate and recruit TDP-43, the converse is not true, i.e. TDP-43-based cytoplasmic aggregates do not recruit polyglutamine proteins.
Polyglutamine Aggregate Interaction Requires a Q/N-rich Domain in the C Terminus of TDP-43-To define which regions of TDP-43 were required for interaction with polyglutamine aggregates, we generated a series of deletion constructs of TDP-43-fused red fluorescent proteins (Ch-TDP-43) and co-expressed them with Q80-CFP in HeLa cells (Fig. 3) . Full-length Ch-TDP-43 co-localized with the Q80-CFP inclusions (Fig.  3A) . Of note, unlike endogenous TDP-43, which was completely sequestered from the nucleus, we observed that some Ch-TDP-43 was retained in the nucleus, likely due to high Ch-TDP-43 levels from transient overexpression. Constructs containing the N terminus and RNA-binding motifs (constructs 1-265 and 1-105) maintained normal nuclear localization and were not sequestered into polyglutamine aggregates (Fig. 3, E and G). By contrast, constructs containing the C terminus of TDP-43(90 -414, 221-414, 320 -414) were completely se- Wild-type dynactin-1(WT-DCTN1) fused to GFP (DЈ) showed normal distribution along microtubules, whereas the G59S-DCTN1 mutant formed discrete focal or multifocal ubiquitinated cytoplasmic aggregates (EЈ and FЈ). G, GFP-Caveolin-3 with the P104L point mutation (Cav3) also formed cytoplasmic ubiquitinated aggregates when transfected into HeLa cells. Unlike Q80 polyglutamine aggregates, cytoplasmic aggregates of G59S-DCTN1 (EЈ and FЈ) and Cav3 (GЈ) did not induce translocation to the cytosol or sequestration of endogenous TDP-43. questered into Q80-CFP aggregates (Fig. 3, B, D and F) . Although the 25-kDa C-terminal fragment (221-414) normally forms multifocal cytoplasmic aggregates (see Fig. 2D ), in the presence of Q80 all of the TDP-43 was sequestered into one large polyglutamine inclusion (Fig. 3D) . Deletion of the glycinerich region (⌬265-319), previously found to be required for TDP-43-mediated alternative splicing (39), did not abolish polyglutamine interaction (Fig. 3C) . The core region required for binding to polyglutamine aggregates included residues 320 -367, as residues 368 -414 showed only minimal polyglutamine aggregate binding and remained diffusely cytoplasmic (Fig. 3H) .
Polyglutamine inclusions are known to sequester proteins containing stretches of polyglutamine residues such as cAMPresponse element-binding protein-binding protein and TATA box-binding protein (20, 40, 41) and those rich in glutamine and asparagine residues (Q/N-rich) (21) . Among the polyglutamine aggregate interacting Q/N-rich proteins are TIA-1, an RNAbinding protein involved in stress granule formation (21, 42) , and FUS/TLS, an RNA-binding protein recently found to be mutated in familial ALS (23) (24) (25) . Examination of the C-terminal region of TDP-43(265-414) indicated that it is relatively Q/N-rich (21%), with the core region required for polyglutamine aggregate binding (320 -367) having 31% Q/N content, similar to the Q/N domains in FUS/TLS (24%) and TIA-1 (31%) (Fig. 4) . By contrast, the analogous C-terminal domain of hnRNPA1 is significantly richer in glycine residues than TDP-43 (40 versus 25%) but has much lower Q/N content (12%). These findings support that the sequestration of TDP-43 into polyglutamine aggregates requires a previously uncharacterized Q/N-rich region located within the TDP-43 C-terminal domain.
TDP-43 Incorporates into Detergent-insoluble Polyglutamine
Aggregates and Alters Aggregate Dynamics-Some polyglutamine aggregate-interacting proteins, particularly polyQ and Q/N-rich TDP-43 is shown at the top, followed by TIA-1, which contains a well characterized Q/N-rich domain at the C terminus, and hnRNPA1, which contains a canonical glycine-rich domain of the 2ϫRBD-Gly family, composed of an RGG domain and an M9 nuclear shuttling signal. Glycine (G) residues are highlighted in green and glutamine (Q) and asparagine (N) residues are in red. The overall Q/N content of the C terminus of TDP-43 is 21%. The core region required for the interaction of TDP-43 with polyglutamine aggregates identified in the deletion analysis (flanked by arrowheads; 320 -367) shows 31% Q/N content, similar to the Q/N-rich prion-related domain of TIA-1. By contrast, the C-terminal region of hnRNPA1 is significantly more glycine-rich than TDP-43 but has low Q/N content and does not bind polyglutamine aggregates. All but one of the currently described mutations in TDP-43 (underlined) are located in the C-terminal domain.
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proteins, become incorporated into polyglutamine aggregates and themselves become detergent-insoluble (21, 25) , whereas others, including molecular chaperones, interact dynamically and are easily dissociated from polyglutamine aggregates in the presence of SDS (43, 44) . To determine whether TDP-43 is incorporated into detergent-insoluble polyglutamine aggregates, we co-transfected HeLa cells with TDP-43 and either Q19-CFP or Q80-CFP and performed a filter trap assay (Fig. 5 ). Cells were lysed in 2% SDS buffer and vacuum filtered through a 0.2-m cellulose acetate membrane, and detergentinsoluble aggregates unable to pass through the filter were detected using antibodies to GFP (to detect polyQ-CFP) or TDP-43. As expected, detergent-insoluble Q80-CFP aggregates were trapped on the filter, in contrast to Q19-CFP (Fig.  5A, top) . TDP-43 remained soluble in Q19-CFP-transfected cells; however, cells expressing Q80-CFP strongly recruited TDP-43 into detergent-insoluble aggregates (Fig.  5A, bottom) . This indicates that TDP-43 incorporates tightly into polyglutamine aggregates, similar to the Q/N-rich domain containing RNA-binding proteins TIA-1 and FUS/TLS (21, 25, 42) .
As a consequence of Q/N-rich proteins becoming incorporated into polyQ aggregates, they can alter the dynamics of polyglutamine aggregate formation (21, 25) . We observed that overexpression of TDP-43 led to significantly less Q80-CFP retention on the membrane, indicating that increased levels of TDP-43 could suppress polyglutamine aggregation (Fig. 5, A and  B) . The decreased Q80-CFP aggregation observed was not due to cell death induced by TDP-43 overexpression, which was minimal at this early time point (supplemental Fig.  S2 ). To quantitatively assess the influence of TDP-43 overexpression on polyglutamine aggregation, we utilized a fluorescence resonance energy transfer (FRET)-based assay to measure aggregation of HttQ72- YFP and HttQ72-CFP in HeLa cells. This assay was previously used to identify modifiers of HttQ72 aggregation (26) . Overexpression of TDP-43 suppressed HttQ72 aggregation as measured by HttQ72-CFP:HttQ72-YFP FRET similar in degree to profilin, an actin regulatory factor that binds the polyproline region of Htt and strongly inhibits its aggregation (Fig. 5C) (45) .
We mapped the domain of TDP-43 required for polyglutamine aggregate suppression by expressing various truncation/deletion mutants; an N-terminal fragment of TDP-43(1-265), which retains the RNA-binding motifs and normal nuclear localization (Fig. 3E) , or a C-terminal fragment (221-414) carrying the Q/N domain (Fig. 3D) . On both the filter trap assay and the Q80-CFP:Q80-YFP FRET assay, the C-terminal region of TDP-43 suppressed polyglutamine aggregation, whereas the N-terminal region did not (Fig. 5, D and E) . Additionally, using fluorescence microscopy, we observed that the TDP-43 C-terminal domain strongly suppressed the percentage of Q80-CFP-transfected cells, which formed polyglutamine inclusions, whereas the N-terminal region had no effect (Fig. 5F ).
These data indicate that TDP-43, like other Q/N-rich domain-containing proteins, is sequestered by polyglutamine aggregates and itself becomes detergent-insoluble. Furthermore, increasing levels of TDP-43 inhibits polyglutamine-dependent protein aggregation, in a manner dependent on the C-terminal Q/N-rich region of TDP-43.
Sequestration of Endogenous TDP-43 into Polyglutamine Aggregates Suppresses TDP-43-mediated Splicing-
The prior experiments demonstrated that polyglutamine inclusions sequester endogenous TDP-43 into insoluble aggregates, which could disrupt normal TDP-43 function. We tested this idea by assessing the alternative splicing of a minigene construct ("TG13T3") containing a known TDP-43 splicing target, exon 9 of the CFTR (30). TDP-43 binds directly to the UG13 repeat region upstream of CFTR exon 9 and suppresses inclusion of this exon (30, 46) . We transfected HeLa cells with the CFTR exon 9 reporter construct TG13T3 and performed RT-PCR to assess splicing. Endogenous levels of TDP-43 led predominantly to exclusion of CFTR exon 9 (bottom two bands), and expression of Q19-CFP did not alter this splicing pattern (Fig. 6A) . In contrast, expression of Q80-CFP with TG13T3 increased exon 9 inclusion (top band), with decreased exon 9 skipping (Fig. 6, A and C, bottom two   FIGURE 6 . Sequestration of nuclear TDP-43 into polyglutamine aggregates suppresses TDP-43-mediated splicing. To assess whether sequestration of TDP-43 into polyglutamine aggregates had an effect on TDP-43 function, HeLa cells were transfected with a CFTR minigene construct (TG13T3) as a reporter of TDP-43-mediated splicing. In the presence of endogenous TDP-43 levels in HeLa cells, three bands are observed, corresponding to exon 9 inclusion (upper band) or skipping of exon 9 (lower two bands). The middle band is due to the adoption of a cryptic splice acceptor site in exon 9, and the bottom band is from complete exon 9 skipping. A, co-transfection of TG13T3 with Q80-CFP increased exon 9 inclusion, consistent with a loss of basal levels of TDP-43-mediated exon 9 skipping by sequestration into polyQ aggregates. B, overexpression of TDP-43 strongly suppressed exon 9 inclusion (upper band) and enhanced exclusion (lower bands). The alteration in splicing of the CFTR exon 9 minigene induced by Q80-CFP was largely normalized by overexpression of TDP-43. C and D, mean ratio of exon 9 exclusion/inclusion from three independent experiments, normalized to basal level in HeLa cells (control). *, p Ͻ 0.05, paired t test, control versus Q80-CFP. E, immunoblot (IB) of HeLa cell lysates with antibodies to TDP-43, showing that total TDP-43 levels were not affected by transfection with the polyQ-CFP constructs or the YFP-TDP-43 (Y-TDP-43) fusion protein. ␤-Actin immunoblot is shown below as a loading control.
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These findings are consistent with a loss of TDP-43-mediated exon 9 skipping, presumably from sequestration of TDP-43 into Q80-CFP aggregates. Although polyglutamine aggregates sequester nearly all endogenous TDP-43 (Fig. 1B) , overexpression of TDP-43 led to retention of a significant amount of TDP-43 in the nucleus (Fig. 3A) . Therefore, we examined whether overexpression of TDP-43 could rescue the suppression of CFTR exon 9 skipping induced by Q80-CFP. Overexpression of TDP-43 alone led to complete loss of exon 9 inclusion (top band), and an increase in exon 9 skipping (bottom two bands), similar to previous reports (Fig. 6B) (30, 36, 46) . Interestingly, co-expression of both Q80-CFP and TDP-43 returned the splicing pattern of TG13T3 similar to that seen in control cells (Fig. 6, B and D) . This implied that the effect of Q80-CFP on alternative splicing of CFTR exon 9 was directly through sequestration of TDP-43. Thus, sequestration of TDP-43 by polyglutamine aggregates alters the normal function of TDP-43, suggesting the possibility that secondary loss of TDP-43 function may play a role in polyglutamine toxicity.
Increased Expression of TDP-43 Suppresses Polyglutamine Aggregate Toxicity-Sequestration of nuclear proteins has been shown to mediate the toxicity of polyglutamine aggregates in cultured cells (40) . Given that polyglutamine aggregates sequester nuclear TDP-43 which can alter TDP-43-mediated splicing in the nucleus, we investigated whether increasing levels of TDP-43 could rescue the cytotoxicity of the huntingtin exon 1 fragment with a polyglutamine expansion (HttQ72) (Fig.  7) . 48 h after transfection, minimal cell death was observed in HttQ72-expressing COS7 cells, similar to what was observed in HeLa cells (supplemental Fig. S2 ). However, 72 h after transfection, HttQ72 induced significant cell death, with ϳ49% survival for HttQ72 versus ϳ82% survival for cells transfected with pCherry alone. Similar to a previous report, overexpression of full-length TDP-43 alone showed some cytotoxicity (36) . Interestingly, co-transfection of HttQ72 together with full-length TDP-43 significantly rescued HttQ72 toxicity. The observed rescue of HttQ72 toxicity by TDP-43 overexpression could either be from repletion of TDP-43 function in the nucleus or from direct suppression of HttQ72 aggregation as described above (Fig. 5) . To distinguish between these possibilities, we examined the effect of the TDP-43 C-terminal fragment (221-414) containing the Q/N domain, which suppresses HttQ72 aggregation but remains in the cytoplasm and does not enter the nucleus. Transfection of the TDP-43 C-terminal fragment (221-414) alone induced cell death similar to full-length TDP-43 at 72 h. However co-transfection of HttQ72 together with TDP-43(221-414), which suppresses HttQ72 aggregation, did not rescue the cytotoxicity of HttQ72. These data indicate that increased expression of full-length TDP-43 can significantly rescue the cytotoxicity of HttQ72 and suggest that this is due to repletion of TDP-43 in the nucleus, rather than through suppression of HttQ72 aggregation.
DISCUSSION
Here, we report that TDP-43 is sequestered into polyglutamine aggregates and that this binding requires the presence of a previously uncharacterized Q/N-rich region in the C-terminal domain of TDP-43. Recruitment into polyglutamine aggregates led TDP-43 to become detergent-insoluble, and overexpression of TDP-43 altered the dynamics of polyglutamine aggregate formation. Finally, we found that sequestration into polyglutamine aggregates disrupted TDP-43-mediated splicing in the nucleus, which could be counteracted by overexpression of TDP-43. These data suggest that, like other polyglutamine aggregate interacting proteins, sequestration and loss of normal TDP-43 function may play a role in the pathogenesis of polyglutamine diseases. Furthermore, the identification of a Q/N-rich prion-related domain in TDP-43 may have important implications for understanding normal and pathologic functions of TDP-43.
Aggregate Interacting Proteins in the Pathogenesis of Polyglutamine Diseases-Polyglutamine aggregate interacting proteins are myriad; some bind to specific nonpolyglutamine regions such as huntingtin-associated protein 1 (47) ; some are involved in the normal recognition and degradation of misfolded proteins, including heat shock proteins and ubiquitin proteosome components (43, 44, 48, 49) ; and some aberrantly incorporate into polyglutamine aggregates via either a polyQ or Q/N-rich region (20, 21) . These aberrant protein-protein interactions provide a potential molecular mechanism by which expanded polyglutamine proteins develop a toxic gain of function, disrupt normal cellular function, and ultimately induce neurodegeneration (18) .
Elongated stretches of pure polyglutamine spontaneously aggregate to form amyloid fibrils in vitro and in vivo (50) , possibly via hydrogen-bonded polar zipper formation between polyglutamine molecules (51) . Based on this model, proteins with nonpathogenic polyglutamine stretches are predicted to incorporate into polyglutamine aggregates (20) , and this has been demonstrated for several nonpathogenic length polyglutamine proteins, including cAMP-response element-binding protein-binding protein, and TATA box-binding protein (40, 41, 52, 53) . In these cases, the unexpanded polyglutamine proteins were depleted from their normal cellular localization and incorporated into detergent-insoluble polyglutamine aggre- gates, leading to loss of their normal function, similar to TDP-43. It is notable that repletion of TDP-43 was only able to partially rescue HttQ72 toxicity, consistent with the idea that sequestration of multiple different proteins likely plays a role in polyglutamine toxicity.
Although TDP-43 does not contain a polyQ sequence, our deletion analysis identified a Q/N-rich region in the C terminus of TDP-43 that is required for its sequestration into polyglutamine aggregates. This is noteworthy, as several polyglutamine aggregate interacting proteins have recently been identified that contain similar Q/N-rich domains, including the transcription factor nuclear transcription factor Y (54), and the DNA/RNA-binding proteins TIA-1 and FUS/TLS (21, 25, 42) . We hypothesize that polyglutamine aggregates seed aggregation of Q/N-rich proteins via a similar mechanism to the recruitment of pure polyQ proteins. It has been proposed that this "cross-seeding" of numerous Q/N proteins may in part be responsible for the pathologic diversity in polyglutamine diseases (21) . As TDP-43 has been observed to co-localize with polyglutamine aggregates in Huntington disease patients (10), TDP-43 could take part in this type of a cross-seeding reaction between polyQ fibrils and Q/N proteins and possibly influence cellular dysfunction and neurodegeneration.
Loss of TDP-43 Functions as a Potential Mechanism in
Neurodegeneration-In cases of ALS and FTLD, the loss of normal nuclear staining in cells, which contain cytoplasmic TDP-43 aggregates, is striking (1). Thus, TDP-43 aggregation might lead to loss of normal nuclear TDP-43 function, either by direct sequestration as shown here for polyglutamine aggregates or by an indirect mechanism (55) . Although it is still uncertain whether cytoplasmic aggregates of the C-terminal region of TDP-43 sequester endogenous TDP-43 and alter its function (36, 37) , the loss of nuclear TDP-43 was a common feature prior to degeneration of susceptible neurons in two recently published TDP-43 transgenic mouse models (56, 57) . Additionally, depletion of TDP-43 in cultured cells produced dysregulation of cell cycle, altered cell morphology, and cell death (58, 59) . Finally, Drosophila models also support that loss of TDP-43 is toxic to motor neurons (60) , and recent studies of TDP-43 null alleles in mice confirmed that TDP-43 is required for early mouse development (61, 62) . These studies clearly indicate that acquired loss of TDP-43 could be toxic and support the concept that loss of normal TDP-43 function may play a role not only in ALS and FTLD but possibly also in other neurodegenerative diseases. Our finding that repletion of TDP-43 in the nucleus by overexpression had a protective effect against polyglutamine aggregate toxicity in vitro suggests that strategies to maintain TDP-43 nuclear function might be considered as a therapeutic approach in ALS as well as polyglutamine diseases (55) .
Structure and Function of the C-terminal Domain of TDP-43-A better understanding of the structure and function of the C-terminal domain of TDP-43 is of particular importance for ALS research, as all but one of the ALS-associated missense mutations in TDP-43 occur within this region (55) . TDP-43 structurally resembles hnRNP proteins, and when it was originally identified based on binding to the TAR DNA sequence of HIV-1, it was noted to have a glycine-rich domain (residues 274 -314), similar to other RBD-Gly family proteins, including hnRNPA1 (35, 63) . Subsequently, some have referred to the entire C-terminal region as a glycine-rich domain (64, 65) . However, unlike hnRNPA1, the C-terminal domain of TDP-43 has not been implicated in binding to DNA or RNA or nuclear shuttling (63, 66, 67) . Instead, the C terminus of TDP-43 is required for it to function as a silencer at several splicing targets (68, 69) and for TDP-43 to act as a transcriptional insulator for the mouse sp-10 gene (70), presumably through the regulation of protein-protein interactions.
Our deletion analysis suggests that the glycine-rich domain (274 -314) (63) is dispensable for binding to polyglutamine aggregates. Rather the adjacent Q/N-rich region (320 -367) is required. This region is similar in Q/N content (31%) to other polyQ-binding proteins such as TIA-1 (31%), FUS/TLS (26%), and nuclear transcription factor Y (33%) (21, 25, 54) . By comparison, the C-terminal domain of hnRNPA1, which does not bind to polyglutamine aggregates, is significantly more glycinerich than TDP-43, and it has much lower Q/N content throughout (Fig. 4) . The Q/N-rich region in TDP-43 overlaps almost exactly with the region recently found to be necessary for interaction between TDP-43 and hnRNPA2 (71) . This is not surprising as Q/N-rich domains are common in DNA-and RNA-binding proteins and are hypothesized to be involved in both protein-protein interactions and in aggregation (72, 73) . Q/N-rich domains were first characterized in yeast, where they are responsible for protein aggregation and prion-like inheritance of the non-Mendelian factors, including PSI ϩ (Sup35) and URE3 (Ure2p). Thus, they are sometimes referred to as prion-related domains (22) . In yeast, although prion-like protein aggregation sometimes inactivates the relevant protein, in other cases it can activate or alter the function of the protein, indicating that regulated protein aggregation may be utilized to serve normal cellular functions (22) . Furthermore, Q/N domains in higher organisms also appear to use regulated selfaggregation to alter protein function in response to various stimuli. For example, the Q/N-rich prion related domain of TIA-1 is critical for TIA-1 aggregation and the assembly of cytoplasmic stress granules (74) , and Q/N-rich domains have been shown to regulate protein aggregation and synaptic function in both aplysia (75) and Drosophila (76) .
Identification of a Q/N-rich region in the C-terminal domain of TDP-43 is of particular importance because of the known tendency of C-terminal fragments of TDP-43 to aggregate both in cell culture models (36 -38, 77) and in patients with ALS and FTLD (1). Although not all Q/N domain-containing proteins are capable of amyloid formation and prion-like propagation in yeast, most have a strong tendency to aggregate (72) . Therefore, it is likely that the Q/N domain required for binding to polyglutamine aggregates also influences the tendency of the C-terminal domain of TDP-43 to self-associate and form protein aggregates. Future experiments will be required to determine how the Q/N domain influences pathologic aggregation of TDP-43 and what role it may play in normal TDP-43 function.
